Many xenobiotic pollutants are thought to be endocrine disruptors, which may affect reproduction (as well as health more generally) through ingestion, via surface contact, or via air pollution (1, 2) . However, the endocrine-disrupting effects of pollutants are not always easy to demonstrate, because the relevant biomarkers are expensive to measure and sensitive to other influences (3) . Specifically, the associations of air pollution with children's health have been widely investigated, mostly as regards birth outcomes, the respiratory system, cancer, and neurobehavioral development (4) (5) (6) (7) (8) , with less investigation of associations with the endocrine system, perhaps because of the difficulties of doing so (9) . Given the biological imperative of reproductive success, the endocrine system would be expected to be sensitive to environmental conditions, with potentially sexspecific responses mediated by estrogen and androgens to optimize the trade-off of growth and reproduction against longevity, which might be particularly evident at puberty (10, 11) . The widespread presence of endocrine-disrupting chemicals in today's environment is thought to be a contributor to the recently observed trend toward earlier onset of puberty (12) . The extent to which air pollution and trends in air pollution also play a role is not well understood.
Previous studies of the association of air pollution with pubertal development have found both precocious and delayed puberty with higher air pollution exposure (13) (14) (15) ; such inconsistency may be due to the investigation of different exposure periods and components of air pollutants. Moreover, none of these studies formally examined differences by sex, which might be indicative of endocrinedisrupting effects. Hormones are impossible to measure comprehensively in the key developmental phases of the reproductive system before birth, and they are difficult to assess in childhood, when levels are very low. However, the timing of puberty provides a broad marker which may represent previous exposures, particularly during critical periods of development for the reproductive system in utero and during the minipuberty of early infancy, and it has implications for psychosocial adjustment and health in adult life (16, 17) .
Constituents of air pollution, such as particulate matter less than or equal to 10 μm in diameter (PM 10 ), are thought to act as endocrine disruptors (12, 18) . Nitric oxide could stimulate the release of gonadotropin-releasing hormone, which may affect sex hormones (19) . Endocrine effects of other air pollutants, such as sulfur dioxide and nitrogen dioxide, are less well-characterized. Nevertheless, although the precise mechanisms are unknown, we would expect exposures (such as air pollutants) that act as endocrine disruptors to have different effects on pubertal development in boys and girls and for these to vary according to the marker of pubertal development, because breast development in girls is more related to estrogens and development of pubic hair and pubertal development in boys is more related to androgens (20, 21) . To our knowledge, no previous study has assessed the association of air pollutants with pubertal development. To address this gap, we took advantage of data on a large population-representative birth cohort, the "Children of 1997" cohort, from the developed non-Western setting of Hong Kong, China-a city with relatively high levels of PM 10 , sulfur dioxide, and nitrogen dioxide but not of nitric oxide (22) (23) (24) -to assess the association of these air pollutants at key stages with pubertal development, using partial least squares (PLS) regression, a method which allows the simultaneous consideration of different exposures at different stages. Given that endocrine disruptors may affect levels of both androgen and estrogen, with potentially different effects on pubertal development in girls and boys, we also considered sex-specific associations and breast and pubic hair development separately (25) .
METHODS

Participants
The Children of 1997 cohort is a population-representative birth cohort (n = 8,327) covering 88% of all births that occurred in Hong Kong, China, from April 1, 1997, to May 31, 1997, and it has been described in detail elsewhere (26) . The study was initially established to investigate the associations of secondhand smoke exposure with infant health. Families were recruited at the first postnatal visit to any of the 49 Maternal and Child Health Centers in Hong Kong, which parents of all newborns are encouraged to attend for free postnatal care. Characteristics obtained from a Chinese-language questionnaire self-administered at recruitment included mother's migration status (classified as born in Hong Kong vs. not), highest level of parental education, maternal age at birth, parity, and maternal smoking status. Household income and household size were also recorded. In 2005, the study was revived and record linkage to growth data was established, including data on pubertal development, routinely collected through free preventive services provided by the Hong Kong Department of Health at the Maternal and Child Health Centers and through the Student Health Service, which is used by most children (26) . The Student Health Service provides free annual health assessments to all enrolled students (27) . Specifically, stage of puberty was clinically assessed by Student Health Service physicians according to the criteria of Marshall and Tanner (28) for breast development in girls, penis and scrotum development in boys, testicular volume in boys, and pubic hair in both sexes (29) . Age at menarche was also recorded for girls. Location of residence was recorded in 1997 and 2007.
In 1996-1997, the Environmental Protection Department in Hong Kong had 8 air quality monitoring stations recording ambient levels of PM 10 , nitric oxide, and nitrogen dioxide and 7 stations recording levels of sulfur dioxide, which remained the same until 1999, when 2 additional air quality monitoring stations were added. Specifically, PM 10 Figure 1 , available at http://aje.oxfordjournals.org/). Rural and roadside stations were excluded because general stations better represent usual air pollution exposure. The concentrations of air pollutants are continuously determined by automatic analyzers at each monitoring station, stored, and sent to the Data Processing Unit of the Environmental Protection Department via dedicated telephone lines (31) .
Exposures
The exposure measures were average exposure to air pollutants (PM 10 , sulfur dioxide, nitric oxide, and nitrogen dioxide) in utero and in early life, estimated as the weighted mean of monthly air pollution levels from the monitoring station closest to the mother's residence, as in other studies (4, 32) . Early life was categorized into stages (ages <2 years and 2-<8 years) broadly representing 2 different growth phases (infancy and childhood) reflecting different endocrine mechanisms controlling growth (33) . We identified the monitoring station closest to the mother's residence in each year. Exposures to PM 10 , sulfur dioxide, nitric oxide, and nitrogen dioxide were considered as z scores (standard deviations) for comparability.
Outcomes
The outcome was pubertal stage at approximately age 11 years (age 9-12 years; median age, 11.0 years) on a 5-point scale, defined as the highest Tanner stage for breast and pubic hair development in girls and the highest Tanner stage for penis and scrotum development and pubic hair development and testicular volume in boys. Menarche was considered as Tanner stage 4 for girls without information on breast and pubic hair development (34) . On average, 1.5 measurements were available for each participant between the ages of 9 and 12 years, and we selected the measurement closest to age 11 years. As secondary outcomes, we also considered breast and pubic hair stage because they may relate to different gonadotropic axes, since breast development is more related to estrogen and pubic hair to androgen (25) . Children with infeasible sequences of pubertal stages, such as pubertal stage 2 before stage 1 (22 girls and 32 boys), were excluded.
Statistical analysis
We used Cohen's effects sizes to compare participants with nonparticipants. The effect size estimate d was classified as small (approximately 0.2), medium (approximately 0.5), or large (≥0.8) (35). Cohen's U3 describes the percentage of values in one group exceeded by the mean value in another group. A U3 of 50% indicates no difference between the two groups, and U3 approaches 100% as the mean difference increases (35) . We used χ 2 tests and tests for trend to assess the association of air pollutants with potential confounders. PLS regression was used in multipollutant analysis to assess the association of air pollution with pubertal stage accounting for the colinearity between air pollutants (36), because exposure to different pollutants was highly correlated (Web Table 1 ).
Results from single-pollutant models using ordinary least squares regression are presented as a sensitivity analysis. We calculated the mean difference in Tanner stage per standarddeviation increase in each pollutant, along with 95% confidence intervals. The optimal numbers of components for PLS regression were chosen at the point where no significant improvement in the model based on the cross-validated root mean squared error of prediction occurred (Web Figure 2 and Web Table 2 ).
Inverse probability weighting was used to deal with missing data, because data were generally missing due to loss to follow-up. We established a missing-data model based on neighborhood income per person, household income per person, highest parental educational level, mother's migration status, maternal age at birth, parity, and maternal smoking, using logistic regression to calculate the probability of being a complete case. We applied the inverse of this probability in the PLS regression to rebalance the complete cases to represent the entire cohort. As a sensitivity analysis, we also performed a complete-case analysis.
Confounders, that is, common causes of both exposure and outcome (37) , were selected by reviewing the literature on air pollution and pubertal development. Specifically, we included several measures of socioeconomic position, because low socioeconomic position could easily result in living in a place that is more vulnerable to pollution, even though Hong Kong is very socioeconomically mixed, with over 40% of the population living in public or subsidized housing (38) . We built models in stages to demonstrate the effects of measured confounding. Potential confounders included neighborhood income per person based on residential location (obtained from the 2001 census), household income per person, mother's migration status, and highest level of parental education. We included neighborhood income per person as a potential confounder, because lower neighborhood income may generate higher body mass index (BMI; weight (kg)/ height (m) 2 ) (39) and higher BMI during childhood may promote puberty (40) . Model 1 adjusted for household income per person, mother's migration status, highest parental education, and age at measurement. Model 2 additionally adjusted for neighborhood income per person based on model 1. Model 3 additionally adjusted for maternal age at birth, maternal smoking, and parity based on model 2. BMI at approximately age 11 years was included in a sensitivity analysis, given that higher BMI is associated with altered timing of puberty (41, 42) but is not a confounder. We assessed whether associations varied by sex from model fit. Specifically, we assessed whether a model with all relevant interaction terms had a lower Akaike Information Criterion than a model without the specific interaction terms of interest.
Statistical analyses were performed in R 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
The Children of 1997 investigators recruited 8,327 infants into the birth cohort in 1997; by January 2016, 29 children had been permanently withdrawn and were excluded. Of the remaining children, 1,938 girls and 2,136 boys (50%) had complete data on exposures, potential confounders, and outcomes. Estimated mean age at pubertal onset was 11.7 years in boys and 9.7 years in girls, according to our previous study (43) values which are similar to Hong Kong Chinese references (44, 45) . The distribution of Tanner stages matched the pubertal development pattern and the distribution of ages at menarche (67.6% underwent menarche at age 11 or 12 years), which is also close to the mean menarcheal age of 12.38 years observed in Hong Kong in 1993 (45, 46) (Web Tables 3 and 4) . Table 1 shows a comparison of the 68% of participants whose pubertal stage information was available with the other participants. Participants with available data on pubertal stage had higher neighborhood income per person and household income per person. They also tended to be older mothers' first child. However, Cohen's d for differences were smaller than 0.2, and the Cohen's U3 values for all potential confounders were close to 50%, indicating little difference between the groups.
Web Tables 5-8 show the participants' baseline characteristics for potential confounders according to air pollution exposure in utero. Web Table 9 shows the associations of air pollutant exposures in utero, during infancy, and in childhood with potential confounders. Higher neighborhood income per person, higher household income per person, and higher parental educational level were associated with lower exposure to PM 10 and sulfur dioxide in all exposure periods. Higher neighborhood income per person was associated with lower nitrogen dioxide exposure in all exposure periods and with lower nitric oxide exposure during childhood but with higher nitric oxide exposure in utero. Higher household income per person and higher parental educational level were associated with higher nitric oxide and nitrogen dioxide exposure in utero and during infancy but with lower nitrogen dioxide exposure during childhood.
Having a migrant mother was associated with higher sulfur dioxide exposure in utero and during infancy and with higher nitric oxide exposure during childhood. Having an older mother was associated with lower PM 10 exposure during childhood and lower sulfur dioxide exposure during infancy and childhood but with higher nitric oxide and nitrogen dioxide exposure in utero and during infancy. Higher parity was also associated with higher PM 10 in utero but lower PM 10 during infancy and childhood, and with lower sulfur dioxide exposure in utero and during infancy. Web Table 10 shows that the associations of PM 10 , sulfur dioxide, and nitrogen dioxide in utero, of PM 10 and sulfur dioxide during infancy, and of sulfur dioxide in childhood with pubertal stage varied by sex. Table 2 shows the associations of air pollution in utero, during infancy, and in childhood with pubertal stage using PLS regression with inverse probability weighting among boys and girls. In model 3, among boys, higher sulfur dioxide and higher nitrogen dioxide exposures in utero and during childhood were associated with lower pubertal stage. Among girls, higher PM 10 exposure in utero and in infancy were associated with lower pubertal stage. Figure 1 shows the association in multipollutant analysis using PLS regression with inverse probability weighting. Similar results were observed with fewer components in PLS regression (Web Figure 3) . A single-pollutant analysis using ordinary least squares regression with complete cases (Figure 2 ) and a multipollutant analysis using PLS regression with complete cases (Web Figure 4) showed very similar results. The analyses of breast and pubic hair development as secondary outcomes showed similar patterns for higher PM 10 exposure, but the association of higher sulfur dioxide and nitrogen dioxide exposure with later pubertal development among boys did not extend to pubic hair development (Web Figures 5 and 6 ). We included BMI at approximately age 11 years in a sensitivity analysis and observed similar associations as in the analyses without BMI (data not shown).
DISCUSSION
To our knowledge, no previous study has assessed the association of air pollution exposure throughout early life with pubertal development in boys and girls, although different associations of air pollution with health outcomes by sex have been previously observed (47) . In a populationrepresentative birth cohort from a non-Western developed setting considering, for the first time, the association of air pollution exposure throughout childhood with pubertal development, we found differences between boys and girls. Although the magnitude of differences may not have been large, relatively small impacts on individuals could result in noteworthy influences on population health. Higher PM 10 exposure was associated with later pubertal development among girls only. Higher sulfur dioxide and nitrogen dioxide exposure during infancy and childhood were associated with later pubertal development among boys only. Given that pubertal development is controlled, to some extent, by different hormones in boys and girls (androgens vs. estrogens), these contrasting patterns by sex may provide some evidence of endocrine-disrupting effects of air pollution in early life. Moreover, the association of PM 10 with later pubertal development among girls was also evident for breast development, which is consistent with PM 10 's acting partially via estrogen, since breast development is more related to estrogen (25) . PM 10 , depending on its exact composition, can have antiestrogenic effects (48) . Effects of sulfur dioxide and nitrogen dioxide on reproductive hormones are not wellestablished, although nitrate/nitrite might reduce testosterone levels (49) .
Our study took advantage of data on a populationrepresentative birth cohort from a setting with relatively high levels of air pollution and had clinically measured information on pubertal stage, rather than potentially unreliable self-reports; in addition, we applied an analytical method enabling consideration of different air pollutants simultaneously. Nevertheless, limitations exist. First, only 10 air quality monitoring stations were operating. However, these stations were distributed across the most populous areas of Hong Kong. Second, we only considered the air pollutants that were available for analysis from 1996 onward, so the observed association could have been due to other, correlated pollutants, such as carbon monoxide and ozone. Third, residential location was based on that recorded in 1997 for 42% of participants and in 2007 for the rest, which may have resulted in exposure misclassification. However, among the participants whose addresses were available in both 1997 and 2007, only 14% moved to another district. When we compared participants who changed residential addresses with those who did not change addresses, the two groups were little different in terms of the potential confounders according to Cohen's effect size. As such, misclassification due to residential mobility did not depend on these confounders, and bias is unlikely, as in similar studies (50) . Moreover, residential mobility is unlikely to generate differences by sex, as there is no reason why families with boys should be more likely to move than families with girls. We were unable to account for indoor air pollution exposure and nonresidential exposure such as workplace or school exposures, and misclassification was possible. However, air pollution records from monitoring stations and residential address are often used in epidemiologic studies, mainly due to the impracticability of using personal devices for large sample sizes and long exposure periods of interest (51, 52) . Therefore, as with all observational studies, we cannot exclude the possibility that our findings were due to some other factor, such as indoor air pollution or nonresidential exposures, which correlates with specific elements of air pollution and is the true causal factor. Fourth, information on pubertal development was available for only 68% of the cohort; however, participants with the information on pubertal development were similar to those without such information. Fifth, although BMI may mediate the association of air pollution with pubertal development, since air pollution is associated with childhood obesity (53), additionally adjusting for BMI at approximately age 11 years made little difference. Finally, we used a composite measure of pubertal development assessed as part of a routine clinical service, which may have limited the precision of the assessment, and the measure was based on a limited scale, which may have caused misclassification. However, any imprecision and misclassification is unlikely to have depended on air pollution or pubertal stage, so any bias is likely to have pointed towards the null. However, we still observed sex-specific associations.
Potential mechanisms by which air pollution might affect pubertal development include epigenetic regulation and/or disruption of the endocrine system (12, 18, 54) , which may affect initiation of puberty via neuroendocrine components (54, 55) . The long-term effect of histone posttranslational modifications on gene regulation may affect pubertal initiation (54), thereby generating an impact of air pollution exposure in utero on pubertal development. However, the exact physiological mechanisms of sex-specific associations are unclear. PM 10 contains a complex mix of pollutants, including heavy metals that may act as endocrine disruptors (56) . Endocrine disruptors may bind to estrogen receptors, inhibit the expression of estrogen-responsive genes, and reduce steroid synthesis and/or promote catabolism (57, 58) . Endocrine disruptors may also trigger release of kisspeptin, which initiates the secretion of gonadotropin-releasing hormone, promotes the maturation of the hypothalamus, and could cause earlier puberty onset (12, 59) . However, this pathway might be expected to have similar effects in boys and girls, not sexspecific effects. Why an association should only be evident for in utero exposure is not entirely clear, but this may represent the most critical period of early life. The question of whether sulfur dioxide and nitrogen dioxide have suppressive effects on androgens specifically has rarely been investigated. More generally, the role of endocrine disruptors in health has been questioned, because of the difficulty of demonstrating any effects and/or effects of complex endocrine disruptor mixtures (60, 61) . Although the present study cannot explain exact effects of specific components of air pollution, the differences observed by sex may imply some effects of air pollution as endocrine disruptors. Given the relatively high levels of air pollution in this study, our findings may not be relevant to settings where stringent and effective control of air pollution is in place. However, according to the World Health Organization's database of ambient (outdoor) air pollution in cities, updated in 2014, 88% of the assessed population was exposed to an annual level of PM 10 higher than the World Health Organization Air Quality Guideline (62) .
In conclusion, we found sex-specific associations of air pollution before birth and in early life with clinically assessed pubertal stage at approximately age 11 years. The sex-specific associations of PM 10 , sulfur dioxide, and nitrogen dioxide with pubertal development may imply an endocrinedisrupting effect of PM 10 and are directionally consistent with activating effects of nitric oxide on luteinizing hormone. Given the long-term impacts of altered pubertal timing on health, investigation of the association of air pollution with pubertal development in other settings would be valuable. If similar associations were observed, further investigation of potential biological mechanisms could be considered.
